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Undoped diamond, a remarkable bulk electrical insulator, exhibits a high surface conductivity
in air when the surface is hydrogen-terminated. Although theoretical models have claimed that
a two-dimensional hole gas is established as a result of surface energy band bending, no definitive
experimental demonstration has been reported so far. Here, we prove the two-dimensional character
of the surface conductivity by low temperature characterization of diamond in-plane gated field-effect
transistors that enable the lateral confinement of the transistor’s drain-source channel to nanometer
dimensions. In these devices, we observe Coulomb blockade effects of multiple quantum islands
varying in size with the gate voltage. The charging energy and thus the size of these zero-dimensional
islands exhibits a gate voltage dependence which is the direct result of the two-dimensional character
of the conductive channel formed at hydrogen-terminated diamond surfaces.
Bulk diamond, with a band-gap of Egap = 5.45 eV is
considered an insulator or wide bandgap semiconductor.
It therefore came as a big surprise when Landstrass and
Ravi discovered a high conductivity in undoped, chemi-
cal vapor deposited diamond films [1]. It took years until
Maier et al. came up with an explanation, the so-called
transfer-doping model [2], which is nowadays widely ac-
cepted. It ascribes the diamond surface conductivity to
the presence of a two-dimensional hole gas (2DHG) at
a hydrogen-terminated diamond surface. The 2DHG is
established as a result of two necessary conditions: First,
a hydrogen-termination of the diamond surface, and sec-
ond, the presence of atmospheric adsorbates. The C-
H dipoles of the H-terminated surface induce a nega-
tive electron affinity that effectively shifts the valence
band maximum closer to the vacuum level. The atmo-
spheric adsorbates at the diamond surface provide ac-
ceptor states with energies µec that are low enough such
that electrons can be extracted from the valence band.
Thermal equilibrium yields a band bending at the dia-
mond surface with an electrostatic potential well filled by
free holes (Figure 1, a). In contrast to the H-terminated
diamond surface, the energy bands of an O-terminated
surface lie around 2.7 eV lower, such that no 2DHG can
be established and the surface remains insulating [3, 4].
Based on this phenomenon, electronic devices such as di-
amond solution-gated field effect transistors (SGFETs)
have been developed [5, 6], where an electrolyte serves as
a top gate to modulate the surface conductivity. They
have proven to be excellent candidates for the fabrica-
tion of biosensors, showing pH [7] and ion sensitivity
[8], as well as being capable of detecting action poten-
tials from cells [9] or neurotransmitters [10]. In addi-
tion, in-plane gated field effect transistors (IPGFETs)
have been demonstrated [11]. In these devices charge
carriers are laterally depleted from a nanometer-sized H-
terminated channel [12, 13]. In the design of diamond-
based IPGFETs, thin O-terminated potential barriers
separate one or two side gate regions from a conductive
H-terminated drain-source channel, as depicted in Fig-
ure 1, (b). The devices are designed such that a drain-
source current through the channel has to pass through a
nanometer-sized constriction (Figure 1, d,e). The electric
field across the O-terminated potential barriers creates a
depletion region which reduces the effective width weff of
the drain-source channel (Figure 1, b).
In this letter, we employ in-plane gates to later-
ally reduce the dimensionality of the 2DHG at the H-
terminated diamond surface. We directly prove the two-
dimensional nature of the diamond surface conductivity
by the observation of a 2D-characteristic gate dependence
of the Coulomb blockade effect in the drain-source chan-
nel conductance at liquid helium temperature. These ef-
fects are the result of zero-dimensional quantum islands,
electrostatically generated by the lateral gates in the nar-
row constriction of the channel.
We used single crystalline, electronic grade diamond
substrates (Element Six Ltd.) with an rms surface rough-
ness below 1nm. The diamond samples were hydrogen-
terminated in a microwave-assisted hydrogen plasma as
published previously [9]. Ohmic gold contacts were fab-
ricated by means of photolithography, metal evaporation
and selective etching [9]. O-terminated, non-conductive
surface regions were created by selective exposure of the
diamond surface to an oxygen plasma. Conventional pho-
tolithography and electron-beam lithography were used
to realize O-terminated lines with a minimum width of
100nm, and devices with a minimum channel width of
around 50 nm. The scanning electron microscope (SEM)
images in Figure 1, (d and e) depict two different sur-
face termination patterns in the central region of a de-
vice. Two curved side gates (Figure 1, e) confine the
channel from two sides, or only one side gate is used in
a T-shaped design (Figure 1, d). The latter provides a
minimum channel length which is similar to the width of
the O-terminated line. The low-temperature character-
ization was performed either in a liquid helium bath or
in vacuum in a closed cycle cryostat at T ≈ 8K. Lock-
in techniques were used for the characterization of the
devices.
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FIG. 1. Basic principles and characterization of a diamond in-
plane gated field effect transistor. (a) Energy band schematic
of a H-terminated diamond surface. Equilibration of EF with
µEC leads to a bending of the valence band edge and the cre-
ation of a 2DHG at the surface. (b) Energy band schematic
across the central region of the IPGFET. A positive UGS in-
creases the depletion region (green), reducing the effective
width weff of the conductive channel.(c) Schematic of a dia-
mond IPGFET with two curved side gates. (d+e) SEM im-
ages of diamond IPGFET structures with two curved side
gates (d) as well as a T-shaped single side gate (e). Scale
bars are 200 nm. (f) Transistor characteristics of a diamond
IPGFET. (g) Dependence of conductance G on the side gate
voltage UGS (50 nm channel width, curved side gates). Col-
ored symbols correspond to the data in (e). The saturation
region and linear region are indicated by dashed lines.
We first investigated the diamond in-plane gated field-
effect transistors at room temperature in air. Fig-
ure 1, (f) shows the current-voltage characteristics of
a 50 nm wide diamond IPGFET (curved side gates) for
gate-source voltages UGS between −1.0V and 2.6V. As
can be observed, the channel conductivity decreases with
more positive gate voltages. Further, the transistor
curves exhibit a linear dependence of the drain-source
current IDS on the drain-source voltage UDS for low val-
ues of UDS , and saturation at higher values [14]. Fig-
ure 1, (g) shows the gate-voltage dependence of the chan-
nel conductance G. The transistor is fully open when
UGS < 0V, showing a constant conductance. The chan-
nel starts to close linearly for more positive voltages until
it is closed beyond the threshold voltage Uth, which is de-
fined as the gate voltage where the extrapolation of the
linear current regime equals zero. We have confirmed a
linear dependence of Uth on the lithographically designed
channel width wgeo [14].
We can understand these results by using a basic de-
scription of the diamond in-plane gates following refer-
ences [11–13] and considering the energy band schematic
in Figure 1, (b). At the interface between the oxygen-
and hydrogen termination, the energy bands are offset
by a built-in potential eUbi, which is governed by the dif-
ferent polarities of the surface dipoles in the absence of
interfacial charge. Even at UGS = 0V, the built-in volt-
age Ubi creates a small depletion region (green shaded
areas) in the vicinity of the interface, similar to the case
of a pn-junction. The application of a gate voltage across
the O-terminated potential barrier modifies the energy
bands at the diamond surface, as shown in Figure 1, (b).
Far away from any interface between the oxygen- and hy-
drogen termination, the relative position of the valence
band edge EVBM and the Fermi-level EF stays constant
within the H-terminated regions. However, their abso-
lute energy levels are offset by eUGS when a gate volt-
age is applied across the O-terminated potential barrier.
Close to the interface, the gate voltage modifies the en-
ergy band bending. As a result, the extension of the
depletion region w2Ddep varies according to
w2Ddep =
ǫǫ0
enh
(Ubi ± UGS) (1)
as described by Petrosyan and Shik for a two-dimensional
system [15]. Here, ǫ and ǫ0 are the dielectric constants of
diamond and vacuum, respectively, e is the elementary
charge, and nh the carrier concentration (cm
−2) in the
2DHG. The voltage-governed increase of the depletion
region (Equation 1) linearly reduces the effective channel
width weff = wgeo − 2 · w
2D
dep. This is directly reflected in
the linear decrease of the channel conductance with the
gate voltage, as observed experimentally (Figure 1, (g)).
We can understand Uth as the voltage where weff = 0. In
addition, the linearity of w2Ddep can explain the observed
linear dependence of Uth on wgeo [14]. Saturation of the
conductance is observed for negative UGS, as the channel
can not be made wider than its lithographic width (weff =
wgeo).
We further characterized the diamond IPGFETs at liq-
uid helium temperatures to allow quantum effects to be-
come observable. Figure 2, (a) shows the gate-voltage
dependence of the drain-source current. As shown at
room temperature, the channel closes for more positive
UGS. However, a variety of oscillatory peaks in IDS is
visible. For a detailed investigation we measure the dif-
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FIG. 2. Low-temperature characterization of a diamond
IPGFET. (a) Gate-voltage dependence of the drain-source
current IDS at UDS = −20mV. (b) Color map of the differ-
ential conductance g for different gate and drain-source volt-
ages, UGS and UDS (two-sided curved gates, 50 nm width,
T ≈ 3K). (c) Evaluation of the charging energy e2C−1 of
the Coulomb diamonds in (b). A grey line indicates a U−1GS
proportionality. The radius r is calculated assuming a cir-
cular disk shape of the quantum dot. From the linear fit,
indicated by a dark red line, the 2DHG carrier density can be
calculated.
ferential conductance g = ∂IDS/∂UDS for different com-
binations of UDS and UGS (Figure 2, (b)). Unlike at
room temperature, IDS does not show an ohmic behav-
ior with UDS (g(UDS) = const.). There exists a central,
non-conductive region (purple), which increases in size
when the channel closes, i.e. at more positive UGS . On
the large gate voltage scale [16], the edge of the purple
region does not appear smooth but instead Coulomb dia-
monds appear, as will be discussed in the following. The
green line (g ≈ 0.8µS) parallel to edge of purple region
is a measurement artifact and will be ignored in the fol-
lowing discussion.
We attribute our observations to Coulomb blockade
effects in the nanometer-sized central region of the dia-
mond IPGFETs. Coulomb blockade is observed when a
small conductive region is separated by tunneling barriers
from the drain and source contact [17]. Due to the small
size of the quantum island, it shows discrete charging en-
ergies with an energy level spacing of e2C−1, where C is
the capacitance of the island. An electron can only tun-
nel from the source into the island if the island’s energy
level is aligned or below the electrochemical potential of
the source contact. From the island, it can only tun-
nel out if the drain level is below the energy level of the
Coulomb island. As a result, there exist situations where
charge transport across the island is blocked (Coulomb
blockade) [17]. Coulomb diamonds are the graphical 2D
representation of these regions, when plotting the differ-
ential conductance g versus UDS and UGS.
In order to develop a better understanding and to
support our claim, Figure 2, (c) shows the calculated
charging energy inferred from the extension of the non-
conductive region in Figure 2, (b). In the case of a 2D
conductive layer, the capacitance C of a single Coulomb
island with a circular disk shape is related to the islands’s
radius r via C = 8ǫǫ0r [18]. A large charging energy of
49mV is measured at around UGS = 0V, which corre-
sponds to an islands radius of about 8 nm. The radius in-
creases gradually as more negative voltages start to open
the transistor channel until the tunneling barriers of the
island vanish and the channel exhibits an ohmic behav-
ior at UGS = −7V. Between −3.6V and −0.4V a linear
dependence of r on UGS is observed. Since the radius is
coupled to the QD charging energy e2C−1 via the capac-
itance, C ∝ r, an inverse proportionality of the charging
energy on UGS can be observed in the same region. Such
a gate voltage dependence of the charging energy and the
radius is characteristic of a 2D conductive channel, as ex-
plained below. Let’s start by assuming that the island’s
radius depends directly on the size of the depletion region
via r = rmax −w
2D
dep. Here, rmax is some maximum value
for the radius of the island. In a first approximation, the
radius is assumed to decrease by the same amount the
depletion region increases in size. Based on this assump-
tion and using Equation (1), we can now estimate the
carrier concentration from the slope of a linear fit of r in
the region between −3.6V and −0.4V, which results in
a value around nh ≈ 4× 10
12 cm−2. For an independent
confirmation of this value, we have performed transport
measurements using Hall bar structures on comparable
diamond substrates and with the same fabrication tech-
nology as described above. In these experiments [14],
a carrier concentration of nh = 9× 10
12 cm−2 could be
determined, which compares well to the value inferred
from the gate voltage dependence of the Coulomb island
radius.
Figure 3, (a) shows a scan similar to Figure 2, (b) but
for a T-shaped single side gate. Here, individual Coulomb
diamonds can be clearly identified, as well as overlapping
diamonds. From the height of the individual Coulomb di-
amond at UGS = −1.2V a capacitance of C = 7.3 aF and
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FIG. 3. Complex pattern of Coulomb diamonds resulting
from coupled multiple quantum dots. (a) Coulomb diamonds
in a T-shaped gate structure of 50 nm width at T = 6K.
Dashed, black lines are guides to the eye. (b) Coulomb
blockade peaks in a similar device (UDS = −10mV), reveal-
ing an arrangement of the peaks in three groups with three
peaks each. (c) Schematic top-view of the central channel
region. The dark gray regions represent the O-terminated
areas, whereas the green region sketches the extent of the de-
pletion region. Several conductive islands (white regions) can
be formed in the constriction between drain and source due
to technology-related imperfections.
a radius of r = 18nm can be derived. The different slopes
of the Coulomb diamond edges indicate an asymmetry of
the tunneling barriers between the quantum island and
the drain and source contacts [19]. Figure 3, (b) shows
a high resolution scan of g at UDS = −10mV for a dif-
ferent sample but with the same channel geometry. No
regular spacing of Coulomb peaks is observed, as would
be expected for a single quantum dot [18, 20]. However,
the amplitude and spacing of the peaks suggests three
groups each with three peaks. We tentatively attribute
this observation to the multi-dot splitting which Waugh
et al. have observed for three electrically coupled quan-
tum dots in series [21]. Figure 3, (c) attempts to sketch
a more realistic picture of a diamond in-plane gated (T-
shaped) structure close to the threshold voltage. Between
the depletion zone (green) from the built-in voltage and
the depletion zone created by the gate, several conduc-
tive islands are localized in the center of the in-plane
gate FET structure. The existence of multiple islands
of varying shape and size can be understood considering
the following aspects. First, the lithographically designed
O-terminated regions of the diamond surface (dark grey
regions) show a less-than-perfect shape due to irregular
broadening of the resist during O-plasma exposure. Sec-
ond, the surface might have an imperfect hydrogen termi-
nation, creating an inhomogeneous potential landscape.
Increasing the size of the depletion region via the applied
UGS will isolate Coulomb islands step by step from the
drain or source regions, while continuously changing the
dimension of the island. As a result, not only the electro-
chemical potentials of the individual islands are changed
but also the inter-level spacing of their charging energies.
In addition, also the size and height of the tunneling bar-
riers between the islands are influenced and, therefore,
the inter-island capacitances. Very similar effects have
been observed in graphene nanoribbons by Gallagher et
al. [22, 23]. An irregular arrangement of quantum dots
which are interconnected in series and in parallel will
yield a complex pattern of Coulomb diamonds [22]. This
can explain the noisy edge of the non-conductive region
in Figure 2, (b) that results from an overlap of Coulomb
diamonds with varying size and shape. Here, the long
drain-source channel between the curved side gates allows
many conductive islands to form. Only at high negative
UGS the channel has opened so much that just one single
conductive island remains. This island seems to keep a
constant size, as revealed by the constant charging energy
observed for large negative voltages in Figure 2, (c). In
this situation, UGS mostly tunes the electrochemical po-
tential of the dot, leading to the rather periodic Coulomb
diamond spacing observed between UGS = −5.8V and
−6.8V. In comparison, the T-shaped single gate struc-
tures used to record Figure 3, (a) and (b) provide a much
shorter channel length. Here, a lower number of conduc-
tive islands can be created, which results in more distinct
Coulomb blockade effects from only a few islands [21, 22].
In conclusion, we have fabricated in-plane gated FETs
on H-terminated diamond with nanometer-sized channel
dimensions. Using the lateral control provided by the
in-plane gates, it is possible to reduce the effective chan-
nel width until a Coulomb island with dimensions down
to 10 nm is formed, revealing Coulomb blockade effects
at low temperature. We could confirm that the elec-
trostatic control of the island dimensions via the gate
voltage shows a dependence characteristic of a 2D car-
rier density, confirming the two-dimensionality of the di-
amond’s surface conductive channel observed in hydro-
genated diamond.
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